Abstract. Absolute differential cross sections for electron-impact excitation of Rydberg states of CO have been measured from threshold to 3.7 eV above threshold and for scattering angles between 20 • and 140 • . Measured excitation functions for the b 3 + , B 1 + and E 1 states are compared with cross sections calculated by the Schwinger multichannel method. The behaviour of the excitation functions for these states and for the j 3 + and C 1 + states is analysed in terms of negative-ion states. One of these resonances has not been previously reported.
Introduction
Absolute differential cross sections for electron-impact excitation of the ground state of the CO molecule into five of the six lowest Rydberg states have been measured in the energy range from threshold to 3.7 eV above threshold and for scattering angles from 20
• to 140
• . The electronic configurations of these states (b 3 + , B 1 + , j 3 + , C 1 + and E 1 ) are described by Rydberg electrons bound to the X 2 + ionic core, with an electron configuration KL1π 4 5σ. In contrast to the long vibrational progressions characteristic of the energy-loss spectra for the valence states of CO, a few vibrationally elastic transitions dominate the spectra for these Rydberg states.
Differential cross sections for the electron-impact excitation of Rydberg states of CO at low detection energies have been measured by several groups. Mazeau et al (1972) measured relative differential cross sections for excitation of the b 3 + and B 1 + states, while Swanson et al (1975) 
. Allan (1989) has also reported relative excitation functions for the b 3 + , B 1 + and j 3 + states. Allan's results, obtained using a trochoidal spectrometer, only include contributions from scattering angles near 0
• and 180
• , which are inaccessible with our apparatus; thus, direct comparison with our results is not possible.
Although most theoretical studies of electronic excitation of CO by low-energy electron impact have focused on the valence states, some work has been reported on the Rydberg states of this molecule. Chung and Lin (1974) used the Ochkur-Rudge approximation to calculate cross sections for the A 1 , b 3 + , B 1 + , C 3 + and E 1 states of CO. References to earlier theoretical studies may be found in their paper. Weatherford and Huo (1990) have reported cross sections for excitation of the b 3 + state calculated using the Schwinger multichannel (SMC) method. 0953-4075/95/040839+18$19.50 c 1995 IOP Publishing Ltd A description of the experimental apparatus and procedures used in these measurements has been given in paper I in this issue. In the section below, we briefly outline the procedure used to calculate cross sections for some of the transitions studied in this paper. We then present an overview of the resonances we have observed in excitation of Rydberg states of CO. This is followed by a discussion of the measured integral and differential cross sections for excitation of the b 3 + , B 1 + , j 3 + , C 1 + and E 1 Rydberg states and a comparison with the results of calculations for the b 3 + , B 1 + and E 1 states.
Computational details
Details of the Schwinger multichannel (SMC) method and its implementation on highly parallel computers used in these studies have been given previously (Takatsuka and McKoy 1984 and Winstead et al 1991) . Here it is sufficient to note that the scattering amplitude is obtained by evaluating the variational expression
where S m(n) = m(n) exp(ik m(n) · r N +1 ) is the product of an eigenstate of the target, m(n) , and a plane wave, V is the interaction potential between the electron and the molecule, and χ i(j ) are configuration state functions of the (N +1)-electron system, i.e. spin eigenfunctions formed from determinants of one-electron orbitals. The A ij matrix elements involve projected forms of the interaction potential V , the Hamiltonian of the (N + 1)-electron system, and a projected free-particle Green function. With an expansion of the one-electron orbitals in the χ i and m in a basis of Cartesian Gaussian functions, all matrix elements appearing in equation (1) can be evaluated analytically except those arising from the Green function. We evaluate these terms by numerical quadrature using a procedure that has been efficiently implemented on distributed-memory parallel computers (Hipes et al 1990) . The cross sections for the dipole-allowed transitions of interest in this study include longrange, high partial-wave contributions which are difficult to represent in the L 2 expansion of the scattering wavefunction used in our implementation of the SMC method. We include the contribution of these higher partial waves to the scattering amplitudes by means of a Born-closure procedure. In this approximation, the scattering amplitude is given by
where f FBA (k , k ) is the first-Born scattering amplitude for the transition (Chung and Lin 1974) and f SMC and f COM are the scattering amplitude of equation (1) and the laboratoryframe scattering amplitude, respectively. We evaluate equation (2) directly in the laboratory frame. Although this requires evaluation of the first-Born amplitude at a large number of quadrature points, the computation can be efficiently decomposed and carried out on parallel computers. This procedure will be discussed in greater detail in a forthcoming publication.
In this study, we used the improved virtual orbital (IVO) method of Hunt and Goddard (1969) (see table 3 ) due to our use of uncorrelated SCF-like wavefunctions. We therefore report cross sections relative to the appropriate experimental threshold energies. The IVO method neglects relaxation effects: the orbital into which excitation occurs is computed in the field of molecular orbitals taken from the ground-state SCF calculation (one of which is singly occupied). This 'frozen-core' approximation simplifies the evaluation of matrix elements between states and is required by our present computer programs, but in some cases it gives a poor representation of the excited state. For Rydberg orbitals, in particular, a relaxed-core description that uses the orbitals of the positive ion may be preferable and can provide useful insights. To assess the importance of relaxation, we have performed limited scattering calculations using the positive-ion orbitals for both the ground and the excited state. Results from these calculations will be compared below with results from calculations based on the IVO approximation.
Various channel-coupling schemes were considered to determine where calculations beyond a simple two-channel approximation could be useful. For the b 3 + and E 1 states, the two-channel approximation was adequate, but results for the B 1 + state indicate that cross sections for this transition are strongly affected by coupling to other channels, Krupenie (1966) . c Chung and Lin (1974) . d Hammond et al (1985) . e A positive value indicates polarity C + O − . f Kopelman and Klemperer (1962) . g Calculated value of Weatherford and Huo (1990) . h Fisher and Dalby (1976) . i Drabbels et al (1993) . j Huber and Herzberg (1979) .
especially at energies above 20 eV. We therefore report cross sections for the B 1 + state (frozen-core wavefunction) from a five-channel calculation in which the X 1 + , b 3 + , j 3 + and C 1 + states were coupled to the B 1 + state. All relaxed-core results reported were obtained in the two-channel approximation.
Resonances in the excitation functions of the Rydberg states
Sharp structures seen in the excitation functions of the Rydberg states of CO feature prominently in the integral cross sections shown in figure 1. These structures arise from coreexcited shape and Feshbach resonances (negative-ion states). Such core-excited resonances can be built by adding an electron to a parent state, which for the transitions considered in this paper is one of the Rydberg states of the neutral molecule. Some relevant properties of the Rydberg states of CO of interest in these studies are summarized in table 3.
Feshbach and core-excited shape resonances are distinguished by the position of the negative ion state with respect to the associated parent state. The energy of a Feshbach resonance lies below that of its parent, preventing the decay of the resonance into the parent channel and leading to long lifetimes. Hence, Feshbach resonances characteristically appear as very narrow, sharply defined structures in multiple channels. A core-excited shape resonance, however, can decay into the parent state. The presence of this decay channel reduces the lifetime of core-excited shape resonances to 10 −15 -10 −14 s. Typically, core-excited shape resonances are much broader than Feshbach resonances and appear prominently only in the excitation function for the associated parent state. Whereas Feshbach resonances are usually associated with Rydberg parents, core-excited shape resonances can also be associated with valence parent states.
A helpful method for describing the binding mechanism of a core-excited Feshbach resonance has been given by Schulz (1973; see also Brunt et al 1978) . The two outermost electrons, those in the Rydberg orbitals, couple together in the field of the singly charged positive ion, the so-called 'grandparent state', to form a resonance with well defined total spin and, for linear molecules, angular momentum about the molecular axis. The vibrational structure of the resonance is similar to that of the grandparent state, because the two coupled electrons are captured in non-bonding Rydberg orbitals (Sanche and Schulz 1972) . In the case of CO + , two vibrational levels are known for the X 2 + state, while a sequence of narrowly spaced levels has been observed for the A 2 state. These vibrational levels should be reflected in the energy positions of Feshbach resonances associated with these grandparent cation states.
Feshbach resonances in the electronic excitation of CO have been observed in metastable excitation functions (Newman et al 1983 , Brunt et al 1978 and in total electron-impact cross sections (see, e.g. Sanche and Schulz 1972, Polley and Bailey 1988) . The modified Rydberg formula developed by Brunt et al (1978, and references therein) shows the orbital energies of the 3sσ , 3pσ and 3pπ electrons to be 3.52, 2.70 and 2.57 eV, respectively. Using these energies, the electronic configurations of several of the Feshbach resonances detected in the present experiments can be ascertained. These resonances are indicated in figure 1 by vertical lines, while the arrows indicate core-excited shape resonances. The respective properties of these resonances are given in table 4.
The 2 + (10.04 eV) Feshbach resonance
Just at the threshold of the b 3 + state, we observed a small but marked peak (figure 2) with a FWHM of the order of the experimental energy resolution. This peak is found to be isotropic-the angular behaviour expected from an sσ partial wave. Mazeau et al (1972) observed a similar angular distribution for the threshold peak, supporting the idea that the b 3 + state is excited at threshold via the 2 + (v = 0) Feshbach resonance at 10.044 eV. Comer and Read (1971) . f Electron configurations and classification taken from Newman et al (1983) . See the text for further details. g Newly detected resonance with suggested electron configuration and symmetry. h Weatherford and Huo (1990) . The electronic configuration of this resonance has been taken to be KL1π 4 5σ 3sσ 2 , with the b 3 + state (electronic configuration KL1π 4 5σ 3sσ ) as the parent state (Sanche and Schulz 1972 ; see also Newman et al 1983 , Comer and Read 1971 , Swanson et al 1975 . state at 10.74 ± 0.02 eV. As can be seen in figure 3(a) , the angular dependence of this peak is consistent with a pπ partial wave. Mazeau et al (1972) , Newman et al (1983) and Brunt et al (1978) interpreted this angular behaviour in terms of a core-excited shape resonance of 2 symmetry (electronic configuration KL1π 4 5σ 3sσ 3pπ ) with the X 2 + ion as the grandparent state.
The l = 2 (11.15 eV) resonance Mazeau et al (1972) normalized to our measured value at 80 • (detection energy 0.3 eV). (b) --, present IVO calculations; -· -, present results using a relaxed core; ---, calculation of Weatherford and Huo (1990) at 1.04 eV above threshold; , present measurements at 11.2 eV (detection energy 0.8 eV); +, angular behaviour at 11.2 eV measured by Mazeau et al (1972) and normalized to our measured value at 50 • . (c) --, present IVO calculations; -· -, results with a relaxed-core wavefunction; ---, calculation of Weatherford and Huo (1990) at a detection energy of 2.74 eV; , present measured results at a detection energy of 2.74 eV; ×, present results at a detection energy of 1.8 eV. (d ) --, present IVO calculations; -· -, present results using a relaxed core; ---, calculation of Weatherford and Huo (1990) at 5.34 eV above threshold; , present measurements at a detection energy of 3.7 eV.
A second but much broader hump overlapping with the 2 resonance at 10.76 eV is observed at 11.15 ± 0.1 eV in the cross section of the b 3 + state. The FWHM of this hump cannot be determined from our measurements due to other overlapping excitation features at this impact energy. Nevertheless, the FWHM seems to be greater than 1 eV. Mazeau et al (1972; see also Reinhardt et al 1972) observed this structure in their excitation functions and estimated the FWHM to be 0.7 eV. This large width is indicative of a core-excited shape resonance. The angular behaviour of this resonant feature, shown in figure 3(b) along with the results of Mazeau et al (1972) , is probably due to a d-wave (l = 2), but the precise symmetry of the resonance is uncertain. Newman et al (1983) attributed this resonance to a KL1π 4 5σ 3pσ 2 ( 2 + ) electronic configuration. Besides the b 3 + channel, this resonant structure only appears in the cross section of the j 3 + state. There the maximum of the feature is shifted to higher energy due to interference with the non-resonant scattering background.
The 2 + (12.23 eV) Feshbach resonance
A strong resonant feature at 12.23 ± 0.02 eV appears in the measured cross sections of all the states. Newman et al (1983) suggested that the electronic configuration of this resonance is KL1π 4 5σ 4sσ 2 ( 2 + ). Mazeau et al (1975) have suggested that the parent states are the F 1 + and f 3 + Rydberg states.
A new resonance at 12.39 eV
A previously unreported structure was found in all measured cross sections at 12.39 ± 0.03 eV. It is best seen as a strong peak in the cross section of the j 3 + state in figure 1 . The sharp Fano-Beutler profile, observable in the differential cross section of this state, indicates that this structure probably arises from a Feshbach resonance. Due to the non-resonant background, the maximum of the feature in the integral cross section of the j 3 + state is located below the resonance position. A possible electronic configuration for this resonant state is KL1π 4 5σ 4pσ 2 . This would be in agreement with the sequence of the orbital configurations and energy positions of the resonances suggested by Newman et al (1983) . The symmetry of this Feshbach resonance would therefore be 2 + . The structures appearing in the cross sections of the b 3 + and B 1 + states, shown by the broken lines in figure 1, probably result from the opening of the electronic states C 1 + , c 3 and E 1 (see also Newman et al 1983) .
Cross sections

The b 3 + state
The measured excitation function of the b 3 + state, the lowest Rydberg state of CO, reveals complex resonant structures within the first 2 eV above threshold (figures 1 and 2). The structures above the threshold peak seen here are in agreement with those found in the relative cross sections at 40
• , 70
• and 90
• by Mazeau et al (1972) , who attributed this threshold peak to the overlap of the tail of the resonance at 10.04 eV with the b threshold. At energies slightly above the threshold peak, we found a steep onset of the differential cross section similar to the rapid rise at the threshold of the a 3 valence state of CO. In the latter case, the low-lying (1.8 eV) 2 shape resonance is responsible for this steep onset (paper I). There are no resonances known to lie below the threshold of the b 3 + state that can decay into this state.
Our measured and calculated integral cross sections are compared with the calculated cross sections of Chung and Lin (1974) and of Weatherford and Huo (1990) and with the measurements of Skubenich (1967) and Land (1978) in figure 4. The measured integral cross section at threshold seems to consist of an overlap of the low-energy wings of the 2 (10.74 eV) core-excited shape resonance with the l = 2 (11.15 eV) resonance. The Ochkur-Rudge calculations of Chung and Lin (1974) would not be sensitive to effects arising from shape or Feshbach resonances. Similarly, the cross sections of Land were derived from fitting to electron transport properties obtained from swarm experiments, which are insensitive to narrow features.
In principle, the cross sections of Weatherford and Huo and the present calculated results should be very similar. However, in the present calculations we used an improved quadrature to evaluate a class of matrix elements occurring in equation (1). Our experience has shown that cross sections near thresholds and in the presence of resonances are sensitive to these terms. Indeed, Weatherford and Huo observe features near threshold that do not appear in the present calculations, whereas the two calculations converge at higher energies (figure 4). Except for the resonance-like features observed by Weatherford and Huo, the two SMC calculations show similar behaviour. In particular, the 2 symmetry dominates the cross sections at all energies. Also, a very rapid rise of the cross section near threshold (< 0.1 eV) is seen in both calculations. Although the present results are in somewhat better agreement with experiment at low energies, the SMC method still yields cross sections approximately twice as large as the measured values near threshold. As noted by Weatherford and Huo (1990) , the SMC cross sections are also about two to three times larger than the measured cross section of Trajmar et al (1973) at 20 eV.
Comparison of our measured values with the differential cross sections calculated using the frozen-core wavefunction for the excited state reveals qualitative differences (figures 3(a)-(d ) ). To aid in comparing shapes, all calculated DCSs have been normalized to the measured values at 60
• . The measured DCS near the 2 (10.76 eV) resonance exhibits the expected minimum near 90
• . The calculated DCS of Weatherford and Huo shows dominant contribution from an incident s-wave and an exit pσ -wave. Our present calculated DCS is more forward peaked. Limited multichannel calculations did not show any enhancement in the p-wave character that is evident in the measured DCS. Likewise, the d-wave character expected near the l = 2 (11.15 eV) resonance is seen in the measured but not in the calculated DCS. Following Weatherford and Huo, we also performed a calculation in which the threshold for excitation of the b 3 + state was set at 0.4 eV above the IVO energy of the KL1π 4 5σ 3sσ 2 configuration responsible for the 2 + Feshbach resonance. We observed little qualitative change in the cross sections, a result also reported by Huo and Weatherford.
To assess the influence of core relaxation on the behaviour of these cross sections, we also carried out calculations with relaxed-core orbitals obtained from a restricted openshell Hartree-Fock (ROHF) calculation on the b 3 + state, instead of the IVO orbitals, to describe the ground and excited states of the target. Although the integral cross sections are much larger than those obtained using the frozen-core IVO approximation, qualitative agreement with experiment is much improved. The inset in figure 4 compares the integral cross sections obtained using the relaxed core orbitals, scaled by a factor of 0.2, with the measured cross sections. As with the IVO calculations, there is a rapid rise in the cross section near threshold, again in the 2 symmetry. However, a resonance now appears in the 2 symmetry that was not observed using the IVO orbitals. At higher energies, the d-wave behaviour of the measured DCSs is reflected to some degree in the calculated cross sections, as shown by the chain curves in figures 3(c) and (d ). Such d-wave character was not observed in any of the IVO cross sections up to 20 eV. It thus appears that relaxation of the core of the b 3 + state affects the excitation dynamics near threshold.
The B 1 + state
The potential curve of the B 1 + state of CO is crossed at larger internuclear distances by that of the D 1 + state (Cooper and Kirby 1987 , Wolk and Rich 1983 , Coughran et al 1973 , and therefore only four vibrational states are known for the B 1 + state Cooper 1989, Baker et al 1995) . Furthermore, the v = 2 and v = 3 levels are only observed in the absorption spectrum (Eidelsberg et al 1987 , Baker et al 1995 due to predissociation (Viala et al 1988, Cooper and Langhoff 1981) .
The energy dependence of the measured differential cross section for the X 1 + (v = 0) → B 1 + (v = 0) transition is given in figure 5. These differential cross sections are also shown in table 6. This cross section shows the strong scattering at small angles characteristic of dipole-allowed excitations.
As in the case of the b 3 + state, we found it useful to obtain cross sections for the B 1 + state both in the IVO (frozen-core) and in the relaxed-core ROHF approximations. The ROHF calculations were carried out at the two-state level. In figure 6 , the IVO (full curve) and ROHF (chain curve) cross sections are compared with the measured values. Both of the calculated cross sections are considerably larger than experiment. The IVO calculations show a prominent 2 peak near threshold, with a second, broader maximum in the same symmetry at about 12.6 eV. The structure seen in the frozen-core IVO cross section near 11.4 eV is a consequence of the opening of the j 3 + state. The ROHF results do not show the 2 peak near threshold. This may be a reflection of the reduction in the permanent dipole moment of the B 1 + state, from 3.60 D (IVO) to 2.33 D (ROHF). The measured integral cross sections exhibit the non-resonant behaviour expected from the Wigner threshold law within the first 200 meV of threshold. The strong threshold peak found by Mazeau et al (1972) at 60
• and by Swanson et al (1975) at 45
• was not observed. The latter group assumed that this peak is caused by an enhanced sensitivity of the detector to electrons with very low energies; in the measurements of Allan (1989) at 0 • + 180 • , a steep onset without a threshold peak was found. --, present calculations using the IVO approximation; -· -, calculations using the relaxed-core model; , present measurements for v = 0 → 0; +, present measurements for v = 0 → 1 at detection energies of (a) 1.8 eV, (b) 3.7 eV.
Comparison of the measured differential cross sections with the cross sections calculated using the IVO and relaxed-core models of the target indicates that, as with the b 3 + state, the latter are in better qualitative agreement with experiment. At 1.8 eV above threshold ( figure 7(a) ), the IVO cross sections (full curve) reflect the dominant 2 contribution, while the relaxed-core results (chain curve; normalized to experiment at 60
• ) more accurately reflect the non-resonant appearance of the measured cross sections. At 3.7 eV (figure 7(b)), the shape of the relaxed-core cross section again more closely resembles that of the measured cross section.
From the energy-loss spectra we could also obtain the absolute differential cross sections for the X 1 + (v = 0) → B 1 + (v = 1) excitation at detection energies of 1.8 eV and 3.7 eV (figures 7(a) and (b)). Like Klump and Lassettre (1974) , we find an unusual ratio of the vibrationally elastic to the vibrationally inelastic scattering. For further discussion of this non-Franck-Condon behaviour, see Skerbele and Lassettre (1974) , James et al (1992) , and Lassettre and Skerbele (1974) .
The j 3 + state
Excitation of the spin-forbidden X 1 + (v = 0) → j 3 + (v = 0) transition has an extremely low intensity, resulting in a rather poor signal-to-noise ratio. Nonetheless, a small resonance structure is detected just above the threshold, which we attribute to the 2 + Feshbach resonance at 11.29 eV (figure 1). This Feshbach resonance close to the threshold (11.264 eV) of the j 3 + state is probably the reason for the uncertainties in the determination of the excitation energy of this state (Swanson et al 1975 , Middleton et al 1993 .
The smooth rise in the integral cross section (figure 1), starting at about 11.6 eV impact energy, cannot readily be attributed to a resonant excitation process, since the angular distribution is not dominated by a single partial wave. This behaviour was observed over the entire energy range.
Ochkur-Born calculations of Chung and Lin (1974) show a cross section about three times larger than our measured values.
The C 1 + state
Although the C 1 + (v = 0) state at 11.397 eV cannot be separated from the c 3 (v = 0) state at 11.414 eV, we attempted to study the excitation of the C 1 + state by choosing an energy at the half height of the energy-loss peak on the low-energy side of the two overlapping states.
The C 1 + state has a large enough dipole moment, 4.50 D (Fisher and Dalby 1976) , to bind an electron. However, no structures similar to those at the excitation energy (6.01 eV) of the a 3 (v = 0) state in the cross section for vibrational excitation (v = 0 → 1) of the X 1 + state of CO (Zobel et al 1994) , which are due to a dipole bound state, are found at the energy position of the C 1 + (v = 0) state. The differential cross sections shown in figures 8 and 9 and in table 7 are normalized at 3.7 eV above threshold to the absolute values of the energy-loss peaks. Therefore the entire contribution of the c 3 state at the normalization points is included, undoubtedly leading to an overestimation of the true cross sections. Nevertheless, the measured differential cross sections (figure 8) show behaviour typical of a 1 + → 1 + transition, obeying the σ ∝ E l+1/2 (l = 0) behaviour predicted from the Wigner threshold law within the first 200 meV above threshold (see also the integral cross section in figure 1 ). At 0.2 eV above threshold, the angular dependence is found to be essentially isotropic (figure 9), while at higher energies, the differential cross sections show the pronounced forward peaking expected for a dipole-allowed transition. Figure 10 and table 8 show our measured differential cross sections for excitation of the figure 11 the integral cross section derived from these measured DCS is compared with the results of our IVO (full curve) and relaxedcore (chain curve) calculations. The relaxed-core results are normalized to the measured value of the DCS at 60
• at an energy of 15.22 eV. The resonance feature seen in the IVO cross sections near 12.4 eV arises from the 2 + symmetry component of the total (electron plus molecule) scattering wavefunction. Analysis of the wavefunction around this energy shows the dominant configuration to be KL1π 4 5σ 3pπ 2 and not KL1π 4 5σ 4sσ 2 . The integral cross section obtained from the IVO calculation agrees quite well with experiment.
The measured cross sections show only small deviations from the σ ∝ E 1/2 behaviour Figure 11 . Energy dependence of the integral cross section for excitation of the E 1 (v = 0) state of CO. ---, present IVO (frozen-core) calculations; -· -, present relaxed-core results;
•, present measurements. Hammond et al (1985) and Wallbank et al (1983). expected from Wigner's law. A possible explanation for these differences would include the effects of the dipole moment and of the polarizability in connection with the generalized threshold laws developed by O'Malley (1965) (see also the correction in Farley (1989) ). However, the state does not possess a large dipole moment (−0.203 au in the present calculations). On the other hand, it is possible that a second state, not resolved experimentally, is responsible for the behaviour of the cross section at threshold. Simmons and Tilford (1974; see also Amiot et al 1986) observed an unexpected enhancement in the absorption spectrum, which was attributed to perturbation of the R(30) and P(32) rotational levels of the vibrational ground state of the E 1 state by a nearby state. Klopotek and Vidal (1985) (see also Wolk and Rich, 1983) showed in a two-step photoexcitation measurement that the perturbing state must be of + symmetry, most probably a singlet. This state may contribute to the cross section at the threshold of the E Figure 13 . Angular dependence of the differential cross section of the X 1 + → E 1 transition: ---, present calculations with frozen-core IVO wavefunctions; -· -, present results with relaxed-core wavefunctions; , present measurements for v = 0 → 0 at impact energies of (a) 11.77 eV, (b) 13.32 eV and (c) 15.22 eV.
The measured and calculated differential cross sections are compared in figures 13(a)-(c) at energies of 11.72, 13.32 and 15.22 eV, respectively. Near threshold, the cross sections obtained from both the IVO (full curve) and relaxed-core (chain curve) calculations are dominated by the s-wave contribution. At 13.32 and 15.22 eV, the relaxed-core cross sections are in better agreement with the measured values. In contrast to the frozen-core IVO results, the relaxed-core differential cross sections exhibit the forward peaking observed experimentally. As with the other Rydberg states studied in this paper, it appears necessary to account for core-relaxation effects in calculating excitation cross sections.
Conclusions
We have reported absolute measurements of the differential cross sections for near-threshold electron-impact excitation of several Rydberg states of CO. Resonance features observed in the cross sections correlate well with earlier measurements, with the exception of a previously unobserved Feshbach resonance at 12.39 eV. This feature is tentatively assigned to the electron configuration KL1π 4 5σ 4pσ 2 . Differential and integral cross sections calculated using the SMC method have been compared with the measured values for the b 3 + , B 1 + and E 1 states. The agreement is only fair, at best. This is not surprising given the restrictions imposed on the calculations, namely, a single-configuration description of the target, common orbitals for the ground and excited states, and the inclusion of a small number of open channels and no closed channels. Our goal in undertaking these calculations was to obtain a qualitative description of the the excitation cross sections for these Rydberg states. To obtain even such a qualitative description, however, the core electrons must be allowed to relax toward a CO + structure.
In contrast, SMC calculations for the valence states of CO gave results in generally good agreement with available experimental data, even with the frozen-core approximation (Sun et al 1992, paper I) .
